Oxide dispersion-strengthened (ODS) ferritic steels have a good radiation resistance, high creep strength and a good swelling resistance. In such alloys, Zr is used to improve the creep properties by stabilizing the grains boundaries. The influence of the zirconium on the microstructure will be discussed is this study. The addition of Zr reduces strongly the number density of the inclusion distribution. The reduction factor is between 4 (transverse direction) to 15 (longitudinal direction). The addition of Zr reduces the formation of Al and Y oxides (micro scale). The carbide composition is also different according to the material composition. Zr-free material forms W/Ti carbides and Zr-added material forms Zr/Ti carbides without formation of W carbides (free enthalpy). Zr addition may be considered as very good in term of strength and corrosion resistance.
Introduction
Cladding material development is essential for the realization of highly efficient high burn-up operation of the next generation nuclear systems, where numerous requirements are needed: 1) resistance to neutron irradiation embrittlement, 2) dimension stability under irradiation, 3) corrosion resistance, 4) low susceptibility to stress corrosion cracking (SCC) and 5) low susceptibility to hydrogen and/or helium embrittlement, 6) high-temperature strength, 7) long creep life and so on. Oxide dispersion strengthening (ODS) ferritic steels have been developed for the application to these nuclear power systems as cross-cutting material. 1) Recent experiments clearly showed that the ODS steels were rather highly resistant to neutron irradiation embrittlement.
2) They have also a good creep resistance, 3) a good hydrogen embrittlement resistance 4) and good corrosion properties. 5) Chemical composition of this ODS ferritic steels is one of the key issue to obtain a high performance materials. Corrosion issue requires a Cr concentration (in mass%) more than 14%, but aging embrittlement issue requires less than 16%.
6) An addition of 4% Al is effective to improve corrosion resistance of 16% Cr-ODS steel in SCW (super critical water) and LBE 7) (lead-bismuth eutectic), while it is detrimental to high temperature strength.
8) The Addition of 2% W and 0.1% Ti is necessary to keep high strength at elevated temperature.
9) An addition of small amount of Zr or Hf results in a significant increase in creep strength at 700 C in Al added ODS steels. 10) In this study, the influence of the Zr addition on the microstructure will be evaluated. This survey will focus especially on the inclusion formations, their numbers and their chemical compositions.
Experimental Procedure
The materials used in this study are 16Cr-4Al-ODS ferritic steels named SOC-9 and SOC-14. The chemical compositions of the steels are shown in Table 1 . The main difference in the compositions is the addition of Zr with SOC-14. The manufacturing process is as follows. The mixtures of element powders were mechanically alloyed in an attrition-type ball mill. The resulting mechanically alloyed powders were sealed in cans and degassed at 673 K in a vacuum of 0.1 Pa. Hot-extrusion was conducted with a reduction ratio of 2 to make a rod of 25 mm diameter at an elevated temperature of 1323 K followed by air cooling. The final heat treatment was performed at 1323 K.
In order to observe the microstructure of extruded bar, which has an anisotropic structure, two different sampling direction were selected for plate samples. One was transverse direction and the surface of the plate is perpendicular to the extrusion direction, and the other was longitudinal direction and the surface of the plate is parallel to the extrusion direction. After sampling, the plates were polished with silica papers and diamond paste up to 0.25 mm grade. The grain structure has been determined by means of EBSD (grain size is evaluated with the EBSD software by a surface method) and the microstructure observations and chemical analysis were carried out by a field emission SEM and electron probe micro-analyzer (EPMA) with the following conditions: voltage 15 KV; intensity 121 mA; dwell time of measurement 50 ms; mapping resolution 300 by 300 points. Figure 1 shows the microstructure of the SOC-9 and SOC-14 alloys observed for the plate sampled in the transverse and longitudinal direction. The morphology features are almost the same for both materials and depend strongly on the sampling direction. The grain in the transverse direction is equiaxed with a rather wide range of grain sizes from 0.1 mm to 5 mm in diameter in SOC-9. Similar grain morphologies were observed for SOC-14. In the longitudinal direction, there is a mixed grain structure composed by large elongated grains associated with small equiaxed grains. The orientation of the elongated grains is in the extrusion direction. The equiaxed grains are arranged in group. The difference in size is very important: the smallest equiaxed grains have a diameter of 0.1 mm and the most elongated grain size is around 30 mm in both the SOC-9 and SOC-14.
Results

Grain morphology
The measurement of the grain sizes are summarized in Table 2 . There are 3 characteristic features. Firstly, the grain size is bigger at the center of the extruded rod. Secondly, the grains are much larger in the longitudinal direction. Thirdly, the grain is very heterogeneous, for instance for both materials in the center of the rod, the grain size vary from 0.2 mm to 3 mm in the transverse direction and from 0.5 to 30 mm in the longitudinal direction. Figure 2 shows SEM micrographs of both steels taken in the longitudinal direction. With the SOC-9 alloy, many inclusions are observed but their number is reduced in the SOC-14 alloy. The maximum inclusion size can reach 2 mm in both alloys. In SOC-9, the inclusions are oriented in the extrusion direction and are grouped in bands. However, with the SOC-14 alloy, there is no strong extrusion effect on the distribution of the inclusions that usually are isolated. Figures 3 and 4 shows the evolution of the number density of inclusions in both materials as a function of the distance from the center of the extruded rod measured in the transverse direction and the longitudinal direction, respectively. The number density of the inclusions has been evaluated manually, counted on SEM observation pictures. The evolution of the number density according to the distance to the center rod is showed in the Fig. 3 for the transverse direction and Fig. 4 for the longitudinal direction. It was found that the number density of inclusions is much smaller in SOC-14 than in SOC-9: it is around 200 and 50 inclusions/mm 2 in SOC-9 and SOC-14, respectively, in the transverse plane. The number density in SOC-14 decreases regularly from 50 inclusions/mm 2 at the center to 5 inclusions/mm 2 at the periphery. A similar trend was observed in the longitudinal orientation: the number density is far superior with the SOC-9 alloy with an average of 150 inclusions/mm 2 . The number density in SOC-14 is larger in the vicinity of center in the case of longitudinal direction. However, after few millimeters away from the center, the number density is reduced to a low and similar value for the both directions. It should be noted that in the application to nuclear fuel cladding, the center portion of the extruded rod is removed so that the total number of the inclusions is reduced remarkably. The number density of inclusion with SOC-9 is high and constant according to the distance from the rod center. The average depends on the orientation. With SOC-14 alloy, the number density is quite lower compare to SOC-9 and is higher near the rod center than in the rod periphery.
Inclusions
The results of the EPMA analysis of the inclusions are shown in Figs. 5 and 6 for SOC-9 and SOC-14, respectively. These figures show the results of mapping analysis for different kind of element: Cr, Fe, Al, O, etc. There are two types of inclusions in both the materials, which are the carbides and the oxides. With SOC-9, the oxide particles are identified as Al oxides and Y oxides. Their sizes are over a range from 0.5 to 5 mm. The carbide types are identified as W carbides and Ti carbides of which the size is estimated to be between 0.2 and 0.5 mm. With SOC-14, the Oxides have the same composition than SOC-9 but with a number reduced. If the addition of Zr does not change the composition of the oxide particles, it affects the carbide composition. The W carbides almost completely disappear and are replaced by Zr carbides. The Ti carbides are still observed. The Cr and W stay in solution in the matrix, their concentrations being continuous on the surface analyzed by EPMA. The type, the type and the size of the inclusions are resumed in the Table 3 . 
Discussions
Grain size and grain morphology
The important difference in morphology between the transverse direction and the longitudinal direction is due to the hot extrusion process during which a block of material has its diameter strongly reduced and its length increased. Consequently, during this phase, all the grains are naturally elongated in the extrusion direction (corresponding to the longitudinal direction). However, it has been noticed the presence of equiaxed grains in the longitudinal direction. During and just after the extrusion, recrystallization occurs due to high deformation stored energy and high temperature of the process. In case of ODS ferritic steel, nano-oxide particle number density is known to be a factor controlling the grain growth 11) and a high number density limits the grain growth and size. The grain size in the transverse direction is smaller than in the longitudinal direction. It is due to the fact that during the hot extrusion the diameter of the rod is reduced, increasing the yttrium nano-oxide particle number density and thus limiting the grain size. Always due to extrusion process, the distribution of the nano-oxide particle is not regular, that may explain the diversity in size and shape in the longitudinal direction. Furthermore, the initial grain size (prior to extrusion and recrystallization) is also a important factor controlling the grain growth.
11) The powder particle size distribution is complex 12) and not uniform. If the initial grain size is too small, the grain growth will be very limited because the bowing phenomena occurring at the grain boundary during the grain growth is very hard. Thus, cause of the variation of the oxide nano-particle number density and of the initial grain size the post extrusion microstructure is composed by large elongated grain and group of small equiaxed grains. However, it seems difficult to correlate the grain morphology and the addition of Zr.
Inclusion
The Zr addition resulted in a significant reduction of the number density of inclusion. It is especially true with the oxide particle. The number of aluminium oxide is reduced and the number and size of yttrium oxide is also reduced. Since inclusions are known to act as crack nucleation sites and/or pitting nucleation site, their reduction is effective to improve the mechanical properties such as tensile strength and creep properties as it was found with the same materials here.
6) Furthermore, Al is needed in solution state to form a continuous and protective oxide layer. Furukawa 10) also found that the Zr addition reduced the formation of coarse oxide nano-particle. The oxide nanoparticle composition is also affected by the addition of Zr. In SOC-9 only Y-Al-O complex oxide nano-particle was detected and in the SOC-14, Y-Zr-O, Y-Al-O, Y-Ti-O were detected. 13) Furthermore, the number density of the oxide nano-particle increases and their size decreases with addition of Zr.
13) It can be though that the aluminum diffusion kinetics may be reduced by the increase of the oxide nano-particle number density limiting the formation of inclusion of oxide particles.
Carbide formation is also very affected by the Zr addition. First, W carbide almost completely disappears to be replace by Zr carbide. W element is essential to improve the mechanical properties of ODS steels.
6) The free enthalpy of formation of the W carbides is higher than this one of the Zr carbides, 14) which can explain why Zr carbide replaces W carbides in the SOC 14. Furthermore, the free enthalpy of Ti carbides and Zr carbides are very close, which may explain the coexistence of Ti, Zr carbides in SOC 14.
The reduction of the number of inclusions (oxide or carbide) can be correlated with the increase of oxide nanoparticles and the reduction of their size improving a high mechanical resistance at high temperature.
Conclusions
Metallurgical structures of the 16Cr-4Al-ODS steels with and without the addition of a small amount of Zr were investigated and the following effects of Zr were found: (1) The addition of Zr reduces strongly the number density of the inclusion distribution. The reduction factor is between 4 (transverse direction) to 15 (longitudinal direction) between SOC-9 (Zr-free) and SOC-14 (Zr added). ( 2) The addition of Zr reduces the formation of Al and Y oxides (micro scale). (3) The carbide composition is also different: Zr-free material forms W/Ti carbides and Zr-added material forms Zr/Ti carbides without formation of W carbides (free enthalpy). W is an important element for creep resistance of ODS ferritic alloys. The addition of Zr is beneficial in term of strength resistance as well as corrosion resistance.
